gliosis, the disease phenotype can vary between different prion diseases (Gambetti et al. 2003; Gavier-Wid en et al. 2005; Konold et al. 2006) .
Transmissible spongiform encephalopathy strains are determined by the phenotype of the disease they cause in specific hosts (Bruce et al. 2002) suggesting that in addition to strain specific parameters, host specific parameters can also influence the ability to distinguish individual TSE strains. The mouse bioassay is currently the gold standard for measuring prion infectivity and for discriminating TSE strains. Two different wild type mouse lines are routinely used for strain discrimination studies, as phenotypic characteristics are mouse line specific. Further research indicated that the Prnp gene was the major factor responsible for these properties (Westaway et al. 1987) , and as a result, the effect of TSEs on wild type mouse lines can be deduced according to their Prnp (Prnp a or Prnp b ) allele. Other genetic factors may also be implicated although their impact is unknown (Manolakou et al. 2001) . Research has shown that classical BSE is caused by a single strain of agent which after serial passage in a given mouse line produces a unique and consistent phenotype denoted 301C in Prnp a (usually C57BL/6 or RIII) or 301V in Prnp b (usually VM or IM) mice (Fraser et al. 1992) . The BSE agent has been shown to retain its characteristics upon passage in numerous species and subsequent bioassay in RIII mice (Green et al. 2004 ).
Inoculation of a TSE agent via the i.c. route into a given species, including mice, is widely regarded as the most effective route of transmission. Conversely, peripheral routes of infection are notably less effective and reveal prolonged incubation periods and lower attack rates (Kimberlin & Walker 1989; Maignien et al. 1999; Taylor et al. 2001) . However, such routes permit a more natural reproduction of the pathogenesis of the disease as i.c. inoculations bypass many of the processes that occur naturally during the course of the disease (Barlow & Middleton 1990) .
Indeed, after i.c. inoculation, the agent is deposited directly to the brain and as a result the incubation period shortens considerably (Mohan et al. 2005) . It has been reported that normal gastric secretions (pH 1.3) can provide a temporary barrier against some ovine scrapie strains. C57BL/6 or Tg338 mice challenged i.g. with scrapie respectively showed a marked reduction in positive mice in comparison with mice subjected to increased levels of gastric pH (2.4 and 5.4 respectively) (Martinsen et al. 2002 (Martinsen et al. , 2011 .
Although the effect of the genetic background of the host on TSE strains is well established, there is restricted information regarding the effect of the inoculation route (Kimberlin & Walker 1986; Thackray et al. 2003; Novakofski et al. 2005; Langevin et al. 2011) . A recent study suggested that using a predefined classical scrapie strain at primary passage, different routes of inoculation (peripheral or i.c.) can affect the resulting phenotype. Differences included clinical signs, PrP Sc deposition profile and neuropathology (Langevin et al. 2011) .
Administration of 301V via the oral route rather than the i.c. route may not only impact on incubation period but also on other phenotypic parameters which are used to define TSE strains such as lesion profiles and PrP Sc distribution in the brain. In addition, it may play an important role in elucidating aspects of the pathogenesis of TSEs. It is essential to understand the impact of alternative inoculation routes as there may be TSE sources which are not suitable for inoculation via the i.c. route. This may include contaminated material which resists antibiotic treatment and maybe deemed ethically more suitable for oral administration or materials such as pituitary extracts which may cause adverse reactions if deposited directly to the brain. Furthermore, environmental studies that contain whole soil structures or faeces are more suitable for oral challenge due to the nature of the matrix (Johnson et al. 2007; Safar et al. 2008) .
In this study, we use a stabilized mouse line so that the effect of route could be isolated. The first objective of this study was to determine whether different inoculation routes would alter the phenotypic presentation of a stabilized 301V strain in mice. The peripheral dissemination of the agent during the disease course was also evaluated.
Material and methods

Sample preparation and mouse inoculation
Four serial dilutions, 10 À1 -10 À4 (w/v in normal saline), of a reference 301V strain (supplied by Roslin Institute) obtained through serial transmission and subsequent biological cloning were prepared in sterile saline. Each dilution was administered to groups of twenty IM (Prnp b ) mice aged six to ten weeks via i.c., intragastric (i.g.) or oral routes. For i.c. inoculations, 20 ll of homogenate was deposited directly in the right hemisphere of each mouse as described (Corda et al. 2012 ). Mice inoculated orally or via the i.g. route were challenged with 500 ll of inoculum (250 ll in the morning and 250 ll in the afternoon on the same day). Orally inoculated mice were housed singly on the day of inoculation to ensure each individual was exposed to the same dose. An additional group of animals was inoculated i.g. with 250 ll of the 10 À1 dilution in the morning only.
To study peripheral pathogenesis, 20 IM mice were challenged i.g. with 10
À1 (w/v) IM-passaged 301V (250 ll am and 250 ll pm on the same day). Five of these mice were euthanized at 35 and 70 days postinoculation (dpi), whilst the remaining 10 mice were left until the onset of terminal disease. The brain, mesenteric lymph node (ln) and distal ileum were sampled from each mouse. Distal ileum and mesenteric ln collected at 35 dpi, 70 dpi and onset of terminal disease were each homogenized to 1% (w/v) with sterile saline and administered i.c. into 20 IM mice. All mice were monitored from 50 days postinoculation for clinical signs and euthanized using carbon dioxide when clinical end point had been reached, which was defined as having a clinically positive score for TSE in two consecutive weeks, or two of three weeks. Euthanasia also occurred if significant deterioration in mobility, or inability to consume International Journal of Experimental Pathology, 2013, 94, 320-328 food or drink, was observed at any point during the monitoring process.
Ethical approval
All work was carried out in accordance with the Animals (Scientific Procedures) Act 1986 under licence from the home office and approval of the study by the local ethics committee.
Histopathological and immunohistochemical analysis
Brains were removed and immediately fixed in 10% neutral buffered formalin for a minimum of 3 days at room temperature before being cut at four coronal sections to reveal caudal medulla, rostral medulla, midbrain, thalamic and frontal levels required for lesion scoring and profiling as detailed below. Tissues were processed and embedded in paraffin wax. Sections (3 lm thick) were mounted on slides and stained with haematoxylin and eosin (H&E). The slides were assessed blind by a single reader, and the TSE status was diagnosed based on the presence or absence of TSE-specific vacuolation. The severity of the lesions in TSE positive samples was assessed semi-quantitatively on a scale of 0-5 in nine specific neuroanatomical grey matter areas and from 0-3 in three white matter areas of the brain (Figure 1 ). The scores were plotted against the respective brain areas to produce lesion profiles using an established method as previously described (Fraser & Dickinson 1968) . Due to the variation of individual mouse profiles, the mean lesion profile for a given inoculum must be generated from a minimum of five clinically and histopathologically positive mice to be considered reliable. For immunohistochemistry (IHC), sections were labelled with rabbit polyclonal antibody Rb486 which recognizes amino acids from 221 to 233 (YQRESQAYYQRGA) of bovine PrP using a standard method as described previously (Green et al. 2004) . Clinically and histopathologically positive mice from each inoculum representing the minimum, median and maximum incubation period were further analysed by IHC.
Results
Attack rate and incubation period analysis
The number of positive mice and the range and mean incubation period for each route of administration with 301V in IM mice are presented in Table 1 . Regarding the 10 À1 dilution the inoculation route did not have any effect on the attack rates which were consistently high (90-100%), although the incubation period of i.c. challenged mice was 50% shorter compared to the other routes of inoculation. For the i.c. challenges, the attack rates were 100% and the incubation periods increased in relation to the dilution. Oral dose attack rates remained high for the 10 À1 and 10 À2 dilution, but a sharp decline was observed for the 10 À3 dilution and the agent was unable to transmit at 10 À4 dilution. A moderately decreased attack rate and slightly prolonged incubation period were observed in animals challenged with 250 ll i.g. compared to those which received 500 ll inocu- Figure 1 Mandatory scoring areas used to construct a lesion profile. Grey matter areas scored (indicated by grey shading) were G1, dorsal medulla nuclei including cochlear nuclei; G2, granular layer of the cerebellar cortex adjacent to the fourth ventricle; G3, superior colliculus; G4, hypothalamus; G5, thalamus; G6, hippocampus; G7, septal nuclei of the paraterminal body; G8, cerebral cortex (at the level of G4 and G5); and G9, cerebral cortex (at the level of G7). White matter areas scored (indicated by grey shaded lines) were W1, cerebellar white matter; W2, mesencephalic tegmentum; and W3, the cerebral peduncles. lum of the same strength and via the same route. The least successful serial titration in terms of attack rates was i.g. challenge; however, transmission occurred with all dilutions.
Orally and i.c. challenged mice showed a gradual increase in mean incubation period in relation to an increase in serial dilution. For the oral and i.g. inoculation routes, the range of incubation periods overlapped between successive dilutions, whilst in i.c. mice, there was a minor overlap between the 10 À1 and 10 À2 dilutions. Mice challenged i.g. with 10
À2 dilution showed a marked increase in incubation period which decreased in subsequent titration. The most effective inoculation route was i.c. challenge due to consistently high attack rates and short incubation periods although a rise in incubation periods occurred throughout the dilution series.
The transmission data from mice challenged i.c. with distal ileum or mesenteric ln derived from mice inoculated i.g. with 301V are presented in Table 2 . The attack rates and incubation periods indicate a maximum infectivity point of PrP Sc in the distal ileum soon after 35 dpi as there was only a small variation in these two parameters compared to 70 dpi and terminal disease. In contrast, mice inoculated with mesenteric ln at 35 dpi displayed less than a third of the attack rate compared to distal ileum, suggesting that the mesenteric ln infection appears secondary to the distal ileum. However, it is likely that PrP Sc levels in both of these tissues peaked as early as 70 dpi demonstrated by attack rates and incubation periods that were similar to those observed in mice inoculated with the same tissues collected at terminal disease. Even at terminal disease, these peripheral tissues seem to be at least 10 À4 less infectious compared to i.c. challenged brain.
Lesion profile analysis Figure 2a shows the lesion profiles derived after inoculation of 10 À1 dilution through various administration routes. The lesion profile at 10 À1 from i.c. challenge was elevated compared to i.g. and oral routes. However, mandatory area G1 (medulla) was scored consistently high irrespective of the route of administration. Lesion profiles consistently showed peaks at G1 and G5 and to a lesser extent in area G7 irrespective of administration route or dilution (Figure 2a-d) . Mice challenged i.c. showed a drop in vacuolation intensity along the lesion profile with increasing dilutions (Figure 2b ) which also corresponded with an increase in the mean incubation period (Table 1) . In addition, i.c challenges produced the most intense lesion profiles when compared to the other inoculation routes (Figure 2b ). However, oral dosing appeared to produce the most stable and reproducible lesion profile across the titration series (Figure 2c) . Inoculation via the i.g. route gave rise to a lesion profile contour similar to oral dose which was also relatively consistent across the dilution series (Figure 2d) . Figure 3 shows lesion profiles from mice challenged i.c. with mesenteric ln or distal ileum collected at different time points. Mesenteric ln challenged animals displayed a small degree of variation in brain areas G3 and G7 but this did not alter the contour of the profile which remained consistent irrespective of the collection time point of the tissue (Figure 3a) . Lesion profiles produced from mice challenged with distal ileum were consistent and similar to those derived from mesenteric ln (Figure 3b ).
Immunohistochemistry analysis
All analysed mice showed the same characteristic PrP Sc pattern distribution irrespective of the route of administration. Hallmarks of this pattern include the absence of significant deposition in the periaqueductal grey matter and the solitary tract, in addition to stellate-type deposition across the molecular layer of the dentate gyrus in the hippocampus (Figure 4 ) as previously described in Prnp b mice Corda et al. 2012) . These features were also observed in mice challenged with distal ileum and mesenteric ln from 301V infected mice at all time points (Figure 4) . Although qualitatively the patterns were indistinguishable, some difference was observed in the intensity of the labelling in the dentate gyrus of the hippocampus relating to different administration routes (Figure 4 ) and inocula prepared from peripheral tissues at different time points ( Figure 5) . The most intense labelling was observed in the i.c. inoculated mice ( Figure 4c ) followed by i.g. (Figure 4g ) and oral (Figure 4e ) inoculations. The intensity across the periaqueductal grey and other brain areas was similar irrespective of inoculation route or dilution (Figure 3) . In mice challenged i.c. with peripheral tissues, the most intense labelling in the hippocampal area was associated with terminal disease, whilst the weakest labelling was associated with tissues collected at 35 dpi ( Figure 5 ). No marked differences were observed in the intensity of immunolabelling in the periaqueductal grey or any other brain areas that were examined.
Discussion
The results presented here illustrate that although different administration routes affected certain phenotypic parameters, notably lesion profile intensity and incubation periods, the strain remained stable based on PrP Sc deposition pattern. The strain used in this study, 301V, is characterized by short incubation periods of approximately 120 dpi after i.c. inoculation (Bruce et al. 2002) . This phenotypic parameter was elevated after i.g. or oral challenges which may be attributed to the time required for the agent to colonize and multiply in the peripheral lymphoid tissues prior to transportation to the brain via nerves of the autonomic nervous system (Prusiner 1982; Hoffmann et al. 2007; Kratzel et al. 2007; Van Keulen et al. 2008; Wemheuer et al. 2011) . However, the mean incubation period following oral challenge correlates with previously published results using IM mice (Gonz alez et al. 2005) . A previous study (Martinsen et al. 2002) had suggested that normal gastric secretions may provide a temporary barrier against some scrapie strains. However, in our study, the distal ileum and mesenteric ln were Figure 5 PrP Sc labelling in hippocampus and midbrain in recipient mice challenged i.c. with mesenteric ln or distal ileum. A marked difference in PrP Sc was observed at 35 dpi (mesenteric ln (a) and distal ileum (e)) compared to terminal disease (mesenteric ln (c) and distal ileum (g)) in the dentate gyrus of the hippocampus. However, no difference in intensity was shown in the midbrain between 35 dpi (mesenteric ln (b) and distal ileum (f)) and terminal disease (mesenteric ln (d) and distal ileum (h)).
International Journal of Experimental Pathology, 2013, 94, 320-328 diagnosed positive after 35 dpi, suggesting that gastric acid had little or no effect in mice inoculated i.g. with murine adapted BSE.
The general outline of the lesion profiles appeared to remain stable across each dilution series although the intensity of the lesion profiles of i.g. and oral challenges was notably decreased compared to those following i.c. challenges. A comparable drop in the lesion profile intensity was also observed for i.c. inoculations as the dilution of the inoculum increased. This reduction in the lesion intensity with increasing dilution in the i.c. inoculations has not been reported in TSE bioassays in other species or indeed in any other mouse lines. The appearance of this phenomenon in this data set cannot be explained as, except for the titre of the inocula, all other parameters such as route and site of inoculation, mouse genetic background, clinical monitoring, euthanasia at terminal stage disease, postmortem procedures and subsequent handling of the brain samples were consistent among the different dilutions. However, if dilutions had been prepared in brain homogenate instead of normal saline, the concentration of exogenous brain components would have remained constant. Under these circumstances, after i.c. inoculation, the host might have reacted more vigorously during prion pathogenesis reducing the observed differences. Nonetheless, i.c. inoculation of brain homogenate from healthy TSE free animals does not produce any form of disease or pathology in the recipients (J Spiropoulos, unpublished data) .
Immunohistochemistry observations mirror those of the lesion profiles. Specifically, the route of inoculation did not have any effect on the qualitative traits of the PrP Sc pattern induced by 301V in this mouse line although the intensity of the labelling was decreased in the hippocampus of mice that were challenged i.g. or orally.
These findings are difficult to explain as mice were analysed at terminal disease stage and the observed lesions reflected the full extent of the pathology inflicted in the host by this specific strain. In this study, only one characterized TSE strain was used, and differences in the PrP Sc signal intensity were mainly observed in the hippocampal area. This could be attributed to a relatively slower propagation of the agent in these areas as the titre of the agent decreased. Irrespective of titre or administration route, the vacuolation score in the medulla was consistently high. A possible explanation for this may be that the medulla represents a clinical target area in this model (Kimberlin & Walker 1986; Brandner 2003) . The medulla oblongata controls autonomic functions such as breathing, digestion, heart function, swallowing and sneezing (Hadjikoutis et al. 2000) . Evidence suggests that the medulla is comprised of numerous regulatory centres of the autonomic nervous system and is regarded as the first point of contact with trafficking prions from the spinal cord or the vagus nerve (Hadjikoutis et al. 2000; Mabbott & MacPherson 2006; Wemheuer et al. 2011) . If the target areas responsible for clinical signs are affected more by the agent, this potentially has an effect on the level of vacuolation and PrP Sc intensity in the brain of the mouse (Ayers et al. 2009) . Therefore, it is feasible that when the lesion reached a threshold point in this area, the mice succumbed to clinical disease irrespective of the severity of the pathology in other brain areas. These data suggest that various phenotypic characteristics that contribute to strain characterization retained their qualitative properties although they may have shown quantitative differences. Taking this into account, the PrP Sc deposition patterns and to a lesser extent lesion profiles indicate that the strain characteristics remained stable and were unaffected by the inoculation route or the infectious titre. In a similar study, in addition to the quantitative changes, there were also differences in the regional distribution of spongiform changes and PrP Sc between i.c. and intraperitoneally (i.p.) challenged mice that were attributable to neuroanatomical areas which were affected in i.c., but not in i.p. inoculated mice. This could be because the duration of the replication phase, as estimated by the time elapsed between the first moment of PrP Sc detection and the terminal stage of disease, in the brain of i.p. challenged mice was the shortest recorded among other representative TSE rodent models, whereas after i.c. inoculation, this duration remained average (Langevin et al. 2011) . Consistent with this view, after neuroinvasion of the brainstem via the autonomic nervous system following incubation period inoculation, the animal would die in a relatively short period of time as the agent accumulates early in neuronal centres that are vital for sustaining life, prior to extensive PrP Sc accumulation in other brain areas. These apparently qualitative differences may not indicate a novel phenotype but a variant phenotype of the specific strain which is a function of the combination of inoculation route, TSE strain and host. Indeed, the characteristic phenotype of the strain was recovered after i.c. inoculation of brains recovered from the i.p. inoculated animals (Langevin et al. 2011 ). We did not observe such a wide phenotypic diversity in this study probably because in the TSE/ host model, we used the replication phase in i.p. inoculated mice is relatively prolonged allowing the infection to spread beyond the brain stem areas to the rest of the brain before the involvement of vital neuronal centres leads to animal death.
Results from this study show that following i.g. challenge PrP
Sc infectivity can be detected in the ileum and in mesenteric ln at a very early stage of the disease (35 dpi) and was shown to persist until the terminal stage of the infection. A point of maximum infectivity was observed at 70 dpi in both tissues as incubation periods were not notably reduced beyond this time point and attack rates remained similar to mice inoculated with such tissues collected at terminal disease. Interestingly the lesion profiles from distal ileum and mesenteric ln at terminal disease mimicked the lesion profiles generated after i.c. challenge of 10 À4 brain inoculum, suggesting that the oral or i.g. inoculations correspond to lower titre i.c. challenges. In addition, the mean incubation period for mesenteric ln collected at terminal disease was only 7 days longer than the mean incubation period of mice challenged i.c. with a 10 À4 dilution indicating titre effect
International Journal of Experimental Pathology, 2013, 94, 320-328 although the characteristics of the strain remained. However, despite these results, it is not recommended to directly compare data derived from different inoculation routes or tissues as they may obscure interpretation particularly on uncharacterized strains. As a result, any route of inoculation could be used to identify TSE strains as long as the comparisons are restricted within data derived from a single route. Inoculations via the i.c. route produce the shortest possible incubation periods and the highest attack rates and are therefore from a diagnostic point of view the preferred method particularly if bioassays are used to identify cases integral to policy requirements (B eringue et al. 2008) . Collectively, these data indicate that the decreased intensity in vacuolation observed after i.g. or oral challenge might be attributed to the different routes the agent takes before it reaches the brain. Our data suggest that although 301V retained its properties in this sequence of experiments, some phenotypic parameters can be affected by the route of inoculation. Therefore, it is imperative that bioassay data must be interpreted carefully and should be standardized for each route of inoculation as murine bioassay, either in wild type or more recently in transgenic mice, is still considered the most reliable method for discriminating TSE strains particularly when specific TSEs (for example classical scrapie) are attributed to multiple prion strains (Thackray et al. 2011; Beck et al. 2012; Corda et al. 2012) .
